A t presentation, children with posterior fossa tumors will be found to have hydrocephalus in 71%-90% of cases. 19, 24 In the majority of these patients the hydrocephalus is evidently due to obstruction of the CSF outflow pathways through the aqueduct or fourth ventricle. This obstructive form of hydrocephalus is an intraaxial process. Highlighting the intraaxial nature of the process, tumor removal within 24 to 48 hours of admission in patients with symptomatic hydrocephalus brings relief from hydrocephalus in most cases.
of surgery in unblocking the CSF pathways, the resolution of the CSF absorption abnormality is not always immediate. A review of the literature has suggested that the ventricles often remain enlarged in the initial period following surgery even in those who will improve. 6 Due to the delay in improvement in most patients and the complete failure of hydrocephalus amelioration in some patients, endoscopic third ventriculostomy (ETV) has been advocated as a means of bypassing the blockage before tumor surgery. To further characterize the delayed improvement in hydrocephalus following surgery, Cinalli et al. monitored CSF pressure following ETV. A primary ETV was performed in 44 children, 31 of whom had obstruction secondary to posterior fossa tumor. In 52% there was an initial high intracranial pressure (ICP) that progressively decreased; however, this process often took several days. In 29% of the children, there was an initial fall but subsequent rise in pressure, signaling failure of the procedure. 6 This delay in improvement of the CSF pressure following the unblocking of the system has been called the adaptation period. It is thought that obstruction of the ventricular system may somehow cause a secondary reversible obstruction somewhere within the subarachnoid space 15 -i.e., there is an extraaxial component to the intraaxial obstructed hydrocephalus. The exact cause of the extraaxial obstruction has not been elucidated. Previous work by one of the authors of the current study has shown evidence of collateral blood flow bypassing the venous outflow of the brain in a group of children whose mean age was 8 years and who had both obstructed and communicating hydrocephalus. This study suggested that a significant venous outflow stenosis was operating somewhere in these children. 3 The exact site of this obstruction was not defined. The purpose of the current study is to measure the change in ventricular volume and in venous outflow sinus cross-sectional area in both the initial and delayed follow-up periods in children who have undergone surgery for posterior fossa tumor to further characterize the adaptation period.
Methods

Patients
The radiology information system at a tertiary referral hospital was retrospectively interrogated to locate all children younger than 10 years of age who presented with obstructed hydrocephalus secondary to a posterior fossa tumor from January 2010 to July 2015. Fourteen patients were found. In 2 patients, biopsy was performed, but neither shunt insertion nor excision of the tumor was attempted, and these patients were not investigated further. The remaining 12 patients, 7 females and 5 males, were included in the study. On T2-weighted imaging, all patients showed no evidence of flow void through the aqueduct secondary to obstruction of CSF outflow by tumor. The clinical findings are summarized in Table 1 . The average age of the patients at diagnosis was 4.1 ± 3 years. Six patients were less than 3 years old at diagnosis (average 1.7 ± 0.7 years) and 6 were older (average 6.6 ± 2.2 years). Six patients had an external ventricular drain (EVD) inserted at the time of surgery. The remaining 6 had the tumor excised with restoration of CSF flow through the aqueduct into the basal cisterns and no EVD was inserted. None of the patients without an EVD subsequently required a shunt. In the 6 patients with an EVD, the drain was initially left on open drainage and set at 5-10 cm H 2 O. The drain was then progressively increased in height over several days such that it could be eventually clipped and removed, if possible. This removal occurred on average at postoperative Day 7. In these 6 patients, failure of EVD removal was heralded in all cases by either a prolonged increase in CSF pressure, a large volume of CSF drainage, or a CSF leak at the surgery site following removal. All 6 patients had a shunt subsequently inserted, on average at postoperative Day 17. Two patients had both a shunt and CSF outflow patency restored, but these were placed in the shunt group. The average interval before initial postoperative imaging was 1.8 ± 1.6 days after surgery and the secondary follow-up averaged 3.9 ± 1.0 months after surgery. There was no significant difference in age, sex, or follow-up period between the shunt and no shunt groups or between the patients younger and older than 3 years of age at diagnosis. There was no significant difference in shunt status between the younger and older patient groups. The study was approved by the hospital ethics committee, and was therefore performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.
Mri examination and analysis
Magnetic resonance imaging was performed in all patients using a 3.0-T superconducting magnet (Avanto, Seimens). Scanning included standard T2-weighted, FLAIR, and diffusion-weighted axial sequences as well as T1-weighted 3D sagittal images before and after administration of intravenous contrast. Scanning was performed in the immediate preoperative period and as soon as practicable postoperatively to gauge the success of surgery. The next follow-up always occurred within 6 months according to the standard oncology protocols at our institution. The ventricular volume of the lateral and third ventricles was measured by tracing the outline of these structures on the T2-weighted images and multiplying the sum of the areas obtained by the slice thickness and any interslice gap to obtain the volume of the ventricles in milliliters. Using the 3D T1-weighted postcontrast data set, oblique multiplanar reconstructions were obtained along the course of the transverse and sigmoid sinuses in each patient to discover the narrowest segments. Reconstructions were then obtained perpendicular to the long axis of the sinus at the narrowest point and the cross-sectional area was measured with the work station measuring tool. The minimum cross-sectional areas for the right and left sinuses were added to obtain the total sinus area. The measurements were repeated at the same position as the preoperative imaging in the postoperative studies. Mean and standard deviations were obtained for each group. Differences between groups were tested using a MannWhitney U-test. The differences between paired samples were tested between preoperative and postoperative measurements using a Wilcoxon signed rank test. A 95% confidence interval was used for all tests. Immediately following surgery (panel G), the center of the tumor has been debulked and the subarachnoid space around the cerebellum restored (arrows). An EVD was inserted and the ventricles became smaller. The coronal reconstruction along the sigmoid sinuses shows some mild improvement proximally, but no obvious change in size distally. Panels H and I are taken at the same points as E and F and confirm no significant change in size. At 4 months postsurgery, the ventricles are reduced further in size (panel J) and the sinuses have enlarged fully into the available subarachnoid space (panels K and L) with a combined sinus area of 105 mm 2 (a 500% increase).
results
Taken as a group, in the 12 patients, the preoperative average ventricular volume was 111 ± 68 ml; at the initial follow-up it decreased to 74 ± 47 ml (a 33% reduction in size; p = 0.003), with a further reduction in size to 42 ± 36 ml at the second follow-up (a 62% reduction compared with the initial volume; p = 0.003). The average preoperative sinus area for the group was 27 ± 18 mm 2 . At the initial follow-up the sinus area was not significantly different at 34 ± 28 mm 2 . At the second follow-up the area of the sinuses had increased to 80 ± 28 mm 2 (a 300% increase in size; p = 0.002).
The ventricular and sinus findings for the 2 groups (those who received shunts and those who did not) are summarized in Table 2 . There was a trend for the ventricles to be larger in the shunt group than in the nonshunt group preoperatively (ventricle size is a risk factor for shunt), but this was not statistically significant. At the second follow-up there was a trend for the sinuses to be larger in the shunt group, but this also failed to be significant. All other measurements compared between the shunt and nonshunt groups were not significantly different.
The imaging findings for the age groups (less than vs greater than age 3 years) are summarized in Table 3 . When stratified for age, those under 3 years at diagnosis had an initial average ventricular volume of 163 ± 39 ml, which was larger than the ventricular volume found in the older group (61 ± 43 ml; p = 0.02). The difference in ventricular volumes became reduced over time, with no significant difference with age being found at the first and subsequent follow-ups. This is shown graphically in Fig. 2 upper. The average preoperative sinus area in those under 3 years was 14 ± 5 ml, and in those older than 3 years it was 41 ± 16 ml, a significant difference (p = 0.008). There was no significant difference at the initial follow-up or at the second follow-up in the sinus areas between these groups as they changed over time. These findings are shown graphically in Fig. 2 lower.
Discussion
There is a significant correlation between the development of hydrocephalus and posterior fossa tumor in children. In one study, despite similar degrees of CSF outflow obstruction, 10 patients presented without hydrocephalus, 32 had mild hydrocephalus, 14 had moderate, and 8 had marked hydrocephalus. 7 The normal ventricular volume in childhood is 21 ml. 25 It can be seen from Table 2 and Fig. 2 that the current study, like others described in the literature, contains patients with ventricles ranging from mildly to severely dilated. Even after tumor surgery, up to 30% of children will have residual hydrocephalus requiring a shunt postoperatively. 18 The risk factors associated with the need for a postoperative shunt to control hydrocephalus are age (< 3 years), midline tumor location, subtotal resection, pseudomeningocele formation, and CSF infection. 7 Other risk factors include larger ventricles at presentation 21 and tumor type. Medulloblastoma and ependymoma require shunt placement more frequently than do astrocytomas. 9 In the current study, trial removal of an EVD failed in 50% of the patients and shunt insertion was required; 4 of these 6 children had medulloblastomas. In 2 patients who received a shunt, the flow of CSF through the aqueduct into the basal cisterns was restored, but in 4 it was not. Those requiring a shunt tended to have larger ventricles, correlating well with the risk factors suggesting the possible need for a shunt, as previously discussed.
In the present study, 6 patients received an EVD, which was set to drain at a height of 5-10 cm H 2 O, and this drainage occurred during the 2 days before the initial follow-up (the average drain removal was at postoperative Day 7). A trial of EVD removal or clipping failed in all 6, and a shunt was inserted on average on postoperative Day 17 (well be- fore the second follow-up at 3.9 months). The remaining 6 patients had no drainage and presumably had higher ICPs at both the initial and delayed follow-up studies. Despite this there was no significant difference between groups, either in the size of the ventricles or the sinuses at the initial or subsequent follow-up. Thus, CSF drainage did not appear to be a significant confounder in this study. The age at diagnosis had a much larger effect. Table 3 and Fig.  2 show the ventricles of the younger children to be much larger than those of the older patients preoperatively. This is presumably due to the more compliant sutures in younger children, which allow greater skull expansion and therefore more capacious ventricles. Despite this, the ventricle sizes in the 2 age groups were similar at both follow-up intervals. Similarly, the area of the sinuses was 66% (p = 0.008) smaller in the younger patients in comparison with the older patients in the preoperative study, but this difference was also lost at follow-up. The findings may indicate that the sinus walls in younger children are more compliant than those in the older cohort.
the adaptation Period
As previously discussed, debulking a posterior fossa tumor and restoring the CSF flow does not immediately improve the degree of ventricular dilation or reduce the CSF pressure in the majority of patients. 6 This period of delay has been termed the adaptation period. The cause of the adaptation period has been hypothesized to be progressive reopening of the subarachnoid spaces at the convexity, a slow increase in permeability of the pacchionian granulations, or possibly effusion of the CSF into the spinal subdural space. 5 Hirsch et al. noted the ICP could remain high and only progressively return to normal after ventriculocisternostomy and attributed this finding to progressive opening of the subarachnoid spaces. 12 The suggestion that the progressive opening of the subarachnoid spaces accounts for the adaptation period does not correlate well with our findings. As previously discussed, the adaptation period often lasts for several days, but may last as long as 2 weeks. Highlighting the delay, in 15 patients treated for failed shunt, 80% of whom had obstruction secondary to tumor, half had low CSF volumes passing from an EVD set at 30 cm and the other half had high flow for the first few days, which decreased gradually over the course of 1-2 weeks. 17 The increase in the volume of the subarachnoid space after surgery occurs much quicker than this. In the present study, debulking of the tumor always improved the basal cistern volume at Day 2 (see Fig. 1 as an example). In addition, there was a 33% (p = 0.003) reduction in the ventricular volume supratentorially within 2 days of surgery. This finding is very similar to the findings of Di Rocco et al. Following ETV, ventricular volumes in children were found to reduce on average by 24% of the original volume by Day 3.
8 Di Rocco et al. also noted that the volume of the subarachnoid space increased to 192% of the original by Day 3 8 and, given the low viscosity of CSF, such a change in subarachnoid space volume would not continue to offer a high enough resistance to CSF flow to account for the adaptation period extending from several days to 2 weeks. Another group performed a trial of lumbar puncture and removal of 5-10 ml of CSF in children with a prolonged elevation in CSF pressure. The positive effect of the CSF removal was longer-lasting than can be explained by the small amount of CSF removed. In most cases, the ICP values remained normal or normalized after several lumbar punctures. 6 Thus, the length of the adaptation period does not correlate with the opening of the subarachnoid space. In addition, it is hard to conceive how a lumbar puncture could improve the permeability of the pacchionian granulations or the absorption into the subdural space because reducing the CSF pressure should have the opposite effect. However, lumbar puncture has been found to improve venous sinus cross-sectional area in patients with idiopathic intracranial hypertension, reducing venous and CSF pressure 4 and perhaps accounting for this effect, as discussed later. 
sinus Cross-sectional area
The normal venous sinus cross-sectional area obtained by adding the areas of the left and right mid-transverse sinuses is 72 mm, 2 and this does not change significantly from the 1st to the 5th decades of life.
2 Following restoration of the CSF outflow, review at 4 months showed that the sinus area, 70 mm 2 , found in the nonshunt patients was not significantly different from normal. Sinus area in the shunt group showed a trend to be somewhat larger than normal at 90 mm 2 (p = 0.06), but this may relate to a lower than normal CSF pressure that allows the veins to overdilate when a shunt is used. Preoperatively, the sinuses were much smaller than normal, with the average for the entire group being 27 mm 2 , which would equate to an overall 66% cross-sectional stenosis of the venous sinus. The degree of stenosis is dependent on age; Fig. 2 lower shows a much smaller sinus size in those under 3 years compared with those over 3 years in the preoperative study. The average sinus in children under 3 years was 14 mm 2 , which would be the equivalent of an 84% stenosis by area compared with the final sinus size for the group. Such a highgrade stenosis has been correlated with cerebral oligemia in neonates with hydrocephalus 1 and is known to elevate sinus pressure and therefore CSF pressure in adults with idiopathic intracranial hypertension. 10 In 19 patients (mean age 6.5 years) presenting with hydrocephalus secondary to a posterior fossa tumor, Yeom et al. showed an overall reduction of 45% in cerebral blood flow (CBF) compared with controls. The CBF increased to normal by 27 days after surgery. 26 These authors considered the oligemia to be due to vascular compression secondary to a raised ICP, but did not comment on the site of compression. Could the venous sinus stenosis, noted in the present study, account for the reduction in blood flow? According to Poiseuille's equation, the pressure drop across a tube is proportional to the flow through the tube and inversely proportional to the square of the cross-sectional area of the tube (the length of the sinuses and the blood viscosity remain constant in hydrocephalus).
2 If the pressure drop across a sinus was 1 mm Hg and the flow through it was 400 ml/minute and its initial area was 72 mm 2 , then reducing the flow by 45% on its own (i.e., a residual flow of 220 ml/minute) would reduce the pressure drop to 0.55 mm Hg. Reducing the cross-sectional area by 84% on its own (i.e. a residual of 11.5 mm 2 ) would increase the pressure drop to 39 mm Hg. Given that the normal pressure drop from the sagittal sinus to the jugular bulb is 4.5 mm Hg in children, 2 even if the average reduction in the size of the sinuses were only 50% from the sagittal sinus to the jugular bulb (the current study measures the maximal stenosis, not the average stenosis), the pressure increase in the sinuses would be 10 mm Hg. This correlates with the findings of Cinalli et al., who found the average initial CSF pressure to be 10 mm Hg higher than normal in children with posterior fossa tumor 6 (CSF pressure correlates directly with sinus pressure in idiopathic intracranial hypertension with venous stenosis 10 ). In a study undertaken in children with hydrocephalus by Shulman and Ransohoff, in the 8 patients with hydrocephalus secondary to benign aqueduct stenosis, the sagittal sinus pressures averaged 16.1 mm Hg and the CSF pressure averaged 13.6 mm Hg. 22 Note the loss of the pressure gradient across the arachnoid granulations required for CSF absorption in this study. This finding has been assumed to be unimportant (i.e., the sinus pressure was found to be entirely secondary to the ICP rise) because in a subsequent study, the sinus pressures were shown to rapidly drop to the jugular bulb pressure once CSF was removed. However, this change required that the ICP be dropped to zero. 20 Perhaps some delay in the reduction in sinus pressure might have been noted had the ICP been left at physiological levels or reduced slowly in this study, as occurs when posterior fossa tumor surgery is performed, rather than rapidly dropped to zero.
Therefore, delayed reexpansion of the venous sinuses within the tight posterior fossa caused by the expanding tumor mass could be the cause of the prolonged increased CSF pressure in the adaptation period. From the current data it is noted that the venous sinuses failed to significantly change in size at 2 days even with an EVD moderately lowering the pressure around the sinuses. At 4 months, the sinuses had all expanded into the subarachnoid space, with no residual stenosis noted. Thus, the venous and CSF pressure would have moderated sometime after 2 days but before 4 months due to resolution of the sinus stenosis. This correlates with the expected time frame of the adaptation period. One may ask, why do the sinuses not rapidly expand once the ICP is reduced? If the walls of the sinuses were perfectly elastic, then the stress of compression would be stored as strain within the walls themselves, and once the stress was removed the walls would bounce back. However, most biological tissues are viscoelastic and the viscous properties would allow plastic deformation of the walls to reduce the strain. Thus, the walls would take some time to readjust once the stress is removed. In the same way, the brain will not immediately reexpand once a long-standing mass such as a chronic subdural hematoma is removed, but may take several days.
13
These findings may also shed some light on why there is an age-related success rate for third ventriculostomy. A much higher rate of ETV failure has been found in children younger than 1 year compared with older children.
14 In a review of 19 publications, the mean success rate for third ventriculostomy for children under 2 years of age was 48%. 14, 23 Finally, after tumor removal, 68% of children younger than 3 years required a shunt; shunts were required in only 32% of children older than 3 years. 7 The explanation of the age-related success of ETV would appear to be that the sinus walls of younger children are more compliant and less able to withstand compression, leading to higher venous and CSF pressures and possibly a longer time to resolution of the pressure changes with a longer adaptation period. As previously discussed, the sinuses of children are so compressible that they can even be rendered oligemic by a venous outflow stenosis. 1, 26 The successful trial of lumbar puncture by Cinalli et al. in those with a prolonged adaptation period raises the possibility that perhaps an EVD should be drained at subphysiological pressures in the first few days after surgery to encourage a more rapid reexpansion of the sinuses as opposed to the current practice of rapidly elevating the pressure, which tries to enlarge the subarachnoid spaces or open the arachnoid granulations.
Conclusions
In children with obstructed hydrocephalus caused by tumor, there is secondary compression of the venous outflow, which appears to be due to direct compression of the sinuses between the cerebellum and the skull. Thus, the hydrocephalus is both an intra-and extraaxial process. The expansion of the sinuses following decompression of the posterior fossa is delayed and may correlate with the adaptation period. Younger children have a greater degree of sinus compression, perhaps correlating with the poor response to third ventriculostomy in younger age groups. These findings suggest that further investigation into the venous sinus outflow changes in obstructed hydrocephalus is warranted as it may be of benefit in predicting prognosis of the hydrocephalus following surgery.
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